Cereal-legume protein complementation has long been recommended as a suitable strategy for augmenting the protein quality of cereal and legume based foods. However, the use of the insoluble legume residue, following protein extraction for cereal-legume protein complementation has not been widely studied. In fact, legume residue is considered a waste by-product. The protein quality of cowpea residuewheat and navy bean residue-wheat diets was determined using in-vivo and in-vitro protein digestibility assays with an AIN-93G diet as control. The diets were fed to laboratory rats over 4 weeks. The in-vitro digestibility of the diets was assessed using the pH drop and pH stat enzymatic methods. The proximate composition, limiting amino acid profile and phytohemagglutinin activity were also determined.
INTRODUCTION
Legumes have been promoted as a source of protein in countries with high rates of protein-energy malnutrition. Cowpeas and navy bean legumes are in abundance in these countries and contain proteins, carbohydrates, water-soluble vitamins and minerals [1] . The protein nutritive value of these legumes is lower than that of animal proteins. Factors contributing to the poor protein quality include poor digestibility, deficiency of sulfur amino acids and presence of non-nutritional factors (phytates, polyphenols), enzyme inhibitors (trypsin, chymotrypsin, and R-amylase), and hemagglutinins [2, 3] . However, results from recent studies provide a strong basis for the beneficial health effect of legume intake in the diet [4, 5, 6, 7] . To augment the protein quality of bean-based foods and to overcome the problem of non-nutritional factors, strategies including cereal-legume protein complementation have been used [8, 9, 10, 11, 12] .
Protein extraction of various legume seeds has been extensively reported in the literature [13, 14, 15, 16, 17] . The protein fractions are often used in various food applications based on their functional properties. The insoluble residue that remains has generally been considered a waste by-product of protein processing, and is either fed to animals or used as a soil amendment in organic farming. However, previous research on optimal legume protein extraction indicates that 35% of the total available protein remained in the residue [18] . In addition, the amino acid profiles and the protein bands after sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE) analysis of the legume residue and flour were similar [18] . Thus there is a need to evaluate the nutritional quality of legume residues after protein extraction.
The objective of this study was to determine the protein quality of cowpea residuewheat and navy bean residue-wheat diets, determine its suitability as a food for humans and to assess the applicability of using less expensive in-vitro assays to assess protein nutritional value of foods. 
METHODOLOGY

Materials
Protein fractionation procedure
The cowpea and navy bean seeds were milled in a Fitzpatrick mill (Model D Comminuting Machine, Fitzpatrick Co., Chicago, IL) using a sieve size of 1.59 mm. A series of 4 extractor baskets (200 mesh) were used in the extraction process to separate the residue from protein extract. Twenty liters of distilled water and 2 kg of bean flour were added to the extractor basket, and the pH adjusted to 10 with 400 ml 1N sodium hydroxide (NaOH). The mixture was re-circulated for 60 minutes at 25 o C, to ensure complete extraction, and then passed through a series of cheesecloth to separate any fibrous matter that passed through the basket. The flour was re-extracted twice under the same conditions until there were three extracts produced (Figure 1 ). The insoluble residue was collected and stored under refrigerated conditions (4 o C).
Figure1:
Processing scheme for production of cowpea (CP) residue and navy bean (NB) residue.
Diet preparation and analysis
The raw residue that remained after protein extraction of cowpea and navy bean flour was cooked at 100 Moisture, crude fiber, fat, ash, and nitrogen content of the experimental diets were determined according to standard AOAC methods [19] . Crude protein was determined using the nitrogen to protein factor of 5.7 for the legume diets and 6.25 for the modified AIN-93G and 2%ALB diets. The amino acid composition was analyzed at CN Laboratories (Courtland, MN) using the Waters Pico-Tag® method as reported by Bidlingmeyer et al. [20] . Cysteine and methionine were analyzed after performic acid oxidation and determined as cysteic acid and methionine sulfone, respectively. Tryptophan was hydrolyzed with methanosulfonic acid [21] .
Screening for phytohemagglutinin was assessed using the method reported by Occeña with anti-Phaseolus vulgaris lectin as immunogen and Phaseolus vulgaris lectin as reference [22] . The formation of a precipitate was determined subjectively after an hour, and indicated the presence of lectin. The results were recorded using the following notation: + indicates the presence of a precipitate; number of + indicates the degree of precipitation (++++ strong positive, + slight positive).
In-vitro protein digestibility assay
In-vitro digestibility of the experimental diets was assayed using two multi-enzyme methods. The four-enzyme pH Drop method, consisting of trypsin, chymotrypsin, peptidase and protease, where % digestibility = 234.84 -22.56 (X), and X = pH at 20 min [19] . The second method used the three-enzyme pH Stat method, consisting of trypsin, chymotrypsin, and peptidase, where % digestibility = 76.14 + 47.77B, and B = ml 0.1N NaOH added [23] .
In-vivo protein digestibility assay
Twenty male weanling Sprague-Dawley rats (Harlan Sprague Dawley Inc., IN), housed at the Animal Facility of the Department of Food Science and Human Nutrition, Michigan State University (MSU), were used in the in-vivo feeding study over a period of 4-weeks. All experimental procedures were approved and conducted in accordance with the protocol of the MSU All University Committee on Animal Use and Care (AUCAUC) by staff that was trained to carry out such procedures.
The rats were ranked by weight and diets randomly assigned over the four-week period so that none of them received the same diet twice. They were housed in individual cages and given free access initially to the 2% ALB diet for 24 hours to ensure their adaptation to the experimental conditions. The experimental diets and water were then fed ad libitum for seven days to groups of ten rats in a completely randomized design. The diets fed included 30CP -30% cowpea protein and 70% whole wheat flour protein; 70CP -70% cowpea protein and 30% whole wheat flour protein; 100CP -100% cowpea protein; 30NB -30% navy bean protein and 70% whole wheat flour protein; 70NB -70% navy bean protein and 30% whole wheat flour protein; 100NB -100% navy bean protein; and AIN -Modified AIN-93G, the control.
The animals were weighed daily, food intake was measured, and spilled food and fecal matter collected, air-dried and weighed between days three and seven. Fecal samples were ground in a mortar and stored at 4 o C prior to protein analysis. True protein digestibility for each diet was calculated using a standard formula [24] .
Statistical analysis
The mean and standard deviation of the estimated constituents were computed. Analysis of variance (ANOVA) was applied to test the differences in food intake, rat growth and protein digestibility among the legume residue diets by Fisher's least significant difference (LSD) in Stat View (SAS Institute Inc.). The differences were considered significant at a 5% level. The correlation between the in-vitro and in-vivo protein digestibility assays was also determined.
RESULTS
Composition and phytohemagglutinin activity of diets
The composition of each cowpea and navy bean residue diet is shown in Table 1 . Diets 1 -6 contained a combination of 30%, 70%, 100% cowpea residue or navy bean residue protein supplemented with 70%, 30%, 0% wheat flour protein, respectively. Diet 7 was 2% albumin to estimate metabolic fecal nitrogen and diet 8 was the control modified AIN-93G diet with casein as the protein source. Each diet contained approximately 9 -12% protein, 13 -17% fiber, 10 -15% fat, 3.5 -7% ash, 4 -6% moisture, and carbohydrate of 50 -69%.
The composition of the limiting essential amino acids in cereals and legumes, that is, lysine, tryptophan, cysteine + methionine, is shown in Table 2 . All cowpea residue and navy bean residue diets had lower amounts of the limiting essential amino acids than the control but most of the cowpea residue diets were not significantly different than the control (p < 0.05). The cowpea residue diets had higher amounts of the limiting essential amino acids than the navy bean residue diets and were significantly different from them (p < 0.05).
Phytohemagglutinin or lectin activity of the cooked and uncooked residues and each diet is shown in Table 3 . Activity was detectable only in the raw cowpea and navy bean samples. There was no detectable activity in the cooked residue samples or the control.
In-vitro and in-vivo protein digestibility
In-vitro protein digestibility determined by the pH Stat and pH Drop methods are shown in Figure 2 . In all cases, digestibility was highest using the pH Stat method. The average values for cowpea residue diets ranged from 80.30% -84.54% and 77.82% -79.93% for the pH stat and pH drop methods, respectively. The average values for navy bean residue diets ranged from 79.28% -79.59% and 66.51% -74.89% for the pH stat and pH drop methods, respectively. All of the cowpea residue diets had higher digestibility than the navy bean residue diets using both in-vitro assays. As the legume protein concentration in the diet increased, digestibility decreased for all diets. There was a highly significant difference (p < 0.0001) in digestibility between the cowpea residue and the navy bean residue diets. Cowpea residue and navy bean residue diets were also different from the control AIN-93G diet (p < 0.05). The digestibility of the navy bean residue diets was not significantly different (p < 0.05).
The type of diet fed to the rats appeared to have a highly significant effect on rat growth (p < 0.0001). All cowpea residue diets, 30% and 70% navy bean residue diets and the control supported rat growth, while those fed the 100% navy bean residue diet decreased in weight. However, rats fed on the experimental diets grew more slowly than those fed the control diet ( Table 4 ). The food intake of all cowpea residue diets was greater than that observed for all navy bean residue diets and the control. Navy bean residue diets were the least consumed of all the diets (Table 4 ).
The average in-vivo true protein digestibility for cowpea residue, navy bean residue and the control diets was 73.7% -87.5%, 62.6% -78.2%, and 98.1%, respectively ( Figure 2 ). All cowpea residue diets had higher in-vivo digestibility than the corresponding navy bean residue diets. The 30% cowpea residue diet was the only experimental diet whose digestibility was not significantly different from the control (p < 0.05).
The in-vitro protein digestibility assays correlated well with data for in-vivo assays as shown in previous studies [25, 26, 27] . Significant correlations (p < 0.05) were obtained for pH stat vs pH drop (0.73), for pH stat vs in vivo (0.86) and for pH drop vs in vivo (0.89). 
DISCUSSION
Phytohemagglutinin or lectin was not detected in the cooked residues or the diets as these had been cooked before consumption. This is consistent with previous research reported on phytohemagglutinin activity, which indicated that a heat treatment of 100 o C for 10 minutes was sufficient to inactivate all activity [22, 28] . However, both cowpea residue and navy bean residue diets were still less digestible than the control in particular the navy bean residue diets. Phytohemagglutinin has been reported to reduce protein digestibility due to its interference with intestinal surfaces and enzyme activity [28] . This suggests that other non-nutritive factors such as protease inhibitors that interfere with the action of proteolytic enzymes, tannins and phytates that complex with proteins and increase their resistance to proteolytic degradation [29] may still be present in the diets. These, however, were not analysed in this study. In addition, a quantitative method to assess phytohemagglutinin activity would have shown differences between the activity of navy bean and cowpeas diets and explain further the digestibility observed.
As expected, the diets that had higher cowpea or navy bean content were deficient in the sulphur amino acids, while those with higher wheat content were deficient in lysine. The concentration of limiting essential amino acids including lysine, tryptophan and cysteine + methionine in the cowpea residue diets was higher than in the navy bean residue diets. All cowpea residue diets had higher than the suggested pattern of these limiting amino acid requirements for pre-school children (2-5 yrs). For the navy bean residue diets, only the 30% diet had higher than the suggested pattern for pre-school children; tryptophan was lower for the 70% and 100% navy bean residue diets. As expected the experimental diets had lower than the sulphur amino acids pattern for rats because of the high sulphur requirement by rats due to their body hair. For both cowpea and navy bean residue diets, the 30% legume, 70% cereal diet had the better pattern of amino acid composition to support growth. This supports the findings in the literature that the 30:70 ratio for legume cereal complementary diets had a better amino acid composition than either legume or cereal alone [29, 30] .
The lower food consumption observed with the navy bean residue diets as compared to the cowpea residue diets is consistent with previous research reported, which found that rats fed diets containing low-quality protein coincided with lower food intakes than those consuming high-quality proteins [30] . Diets with higher levels of the legume residue (100% diets) also had lower food intake and could be due to reduced palatability [30] . Consequently, those rats with low food intakes also had poor growth over the feeding period. Complementing the legume residues with wheat improved the food intake and growth of the rats.
Although the protein digestibility of all the experimental diets were lower than the control diet, the 30% legume / wheat supplemented diets showed relatively high digestibility (78 -88%), particularly the cowpea residue diets, using both in-vitro and in-vivo assays. These findings have been demonstrated previously with cowpea [9, 29] .
CONCLUSION
Both amino acid composition and digestibility measurements are considered necessary to predict accurately the protein quality of foods. Since the cowpea residue diets had both higher protein digestibility and higher amino acid composition than the navy bean residue diets, it is feasible to conclude that the cowpea residue diets had higher protein quality than the navy bean residue diets. As with previous studies on legume-cereal complementation, the 30% cowpea residue diet had the highest protein quality. The cowpea and navy bean residue diets appeared to meet the limiting amino acid requirements for pre-school children and could therefore be used as human food if complemented with a cereal like wheat. In addition, based on the high correlation between the two types of assays, less expensive in-vitro assays were a suitable tool to assess the nutritional value of foods as compared to in-vivo assay. Means within a column with the same letters are not significantly different (p < 0.0001) (+) increase in growth; (-) decrease in growth.
